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HCN pacemaker channels are tetramers mediating
rhythmicity in neuronal and cardiac cells. The activity
of these channels is controlled by both membrane
voltage and the ligand cAMP, binding to each of the
four channel subunits. The molecular mechanism
underlying channel activation and the relationship
between the two activation stimuli are still unknown.
Using patch-clamp fluorometry and a fluorescent
cAMP analog, we show that full ligand-induced
activation appears already with only two ligands
bound to the tetrameric channel. Kinetic analysis of
channel activation and ligand binding suggests
direct interaction between the voltage sensor and
the cyclic nucleotide-binding domain, bypassing
the pore. By exploiting the duality of activation in
HCN2 channels by voltage and ligand binding, we
quantify the increase of the binding affinity and over-
all free energy for binding upon channel activation,
proving thus the principle of reciprocity between
ligand binding and conformational change in a
receptor protein.
INTRODUCTION
Hyperpolarization-activated cyclic nucleotide-modulated (HCN)
ion channels (Gauss et al., 1998; Ludwig et al., 1998; Santoro
et al., 1998) generate electrical rhythmicity in several types of
neurons (Santoro et al., 2000; Chan et al., 2004; Banks et al.,
1993; Cuttle et al., 2001; Ingram and Williams, 1996; Saitow
and Konishi, 2000) and in sinus node cells of the heart (Brown
et al., 1979; Ludwig et al., 1999). The channels are primarily acti-
vated by hyperpolarizing membrane voltage. In addition to this
primary stimulus, HCN channels can be further activated by
the second messenger cAMP (Robinson and Siegelbaum,
2003; Craven and Zagotta, 2006), accelerating the cells’ rhythm
(Banks et al., 1993; Cuttle et al., 2001; Ingram and Williams,
1996; Saitow and Konishi, 2000).HCN channels belong to the superfamily of cyclic nucleotide-
gated channels (Santoro et al., 2000). Structurally, HCN channels
are tetramers. The channel subunits are encoded by a family of
four related genes, HCN1-HCN4 (Santoro and Tibbs, 1999;
Kaupp and Seifert, 2001). Each subunit contains a cyclic nucle-
otide binding domain (CNBD) which is located at the intracellular
C terminus (Zagotta et al., 2003).
Activation of HCN channels by voltage has been described by
an allosteric kinetic model, assuming four independent voltage-
controlled transitions and one allosteric closed-open transition
that is independent of voltage (Altomare et al., 2001). However,
when monitoring the movement of the voltage sensor in related
spHCN channels by an optical approach, it turned out that the
gating of only two of the possible four subunits suffices for full
activation (Bruening-Wright et al., 2007). In addition, hyperpolar-
ization-induced activation overlays with much slower voltage-
dependent processes which have been interpreted in terms of
a shift between different gating modes (Ma¨nnikko¨ et al., 2005;
Elinder et al., 2006).
The activating effect of cAMP has also been studied in detail.
Acting as an intracellular ligand, cAMP shifts steady-state
activation to less negative potentials and enhances the maximal
open probability at extreme hyperpolarized voltages, where
voltage-dependent gating is already complete. The latter has
been interpreted in the sense that cAMP does not act on the
voltage-dependent transitions but on the final, voltage-indepen-
dent closed-open transition (Craven and Zagotta, 2004; Shin
et al., 2004). The action of all four subunits has been proposed
to contribute to full ligand-induced activation (Ulens and Siegel-
baum, 2003). In an attempt to quantify the effects of cAMP on
HCN channel gating, Chen et al. (2007) approximated the
currents by single exponentials and successfully interpreted
their data with a simple cyclic allosteric model in which the
voltage-independent closed-open transition is dually regulated
by the voltage sensor movement and cAMP binding. This result
is interesting because indeed the activation time course is
sigmoidal and the channels are tetramers with a symmetric
structure of the CNBD (Zagotta et al., 2003). At present a com-
prehensive model describing the dual activation by voltage and
cAMP binding is still missing.
It is this duality which provides the chance to gain unique
insight into the interrelationship between activation-inducedNeuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc. 75
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Binding and Activation in Pacemaker Channelsconformational changes and ligand binding in HCN channels, if
only ligand binding and channel activation can be measured
simultaneously. Analyzing this interrelationship is of fundamental
importance to learn how a receptor works (Colquhoun, 1998)
because the true affinity for the ligand is not constant but must
change during receptor activation. The reason for this is that
the energy required for activation of the receptor can only be
provided by the binding of the ligand(s), predicting that the
binding affinity of the occupied receptor exceeds that of the
unoccupied receptor. In HCN2 channels, this has been shown
indirectly by electrophysiological experiments (Wang et al.,
2002) but not directly by monitoring the increase of ligand
binding during the receptor activation. Available functional
assays determine only an ‘‘apparent,’’ but not the true affinity,
and binding assays determine an overall binding but cannot
detect the evoked receptor activation (Colquhoun, 1998, 2006).
Herein we used patch-clamp fluorometry (Zheng and Zagotta,
2000) in combination with confocal microscopy (Biskup et al.,
2007) and a fluorescent cAMP derivative (fcAMP) to simulta-
neously study ligand binding and activation in HCN2 channels.
Moreover, the duality of the two activating stimuli allowed us to
reverse cause and effect, i.e., to monitor changes in the true
affinity of the channels for the ligand that are induced by activa-
tion. Our results show that HCN2 channel activation by voltage
enhances the binding affinity for fcAMP up to 3-fold and thus
prove for these channels the theoretically predicted interdepen-
dence between ligand binding and receptor activation. Our
results also show that ligand-induced activation is maximal
when only less than three-quarters of the binding sites are
occupied, suggesting that only two of the possible four binding
sites in the tetrameric HCN2 channel have to be occupied
for maximal activation. Based on the kinetics of ligand binding
and activation following voltage pulses, we propose a direct
interaction between the voltage sensor domain and the CNBD,
bypassing the channel pore.
RESULTS
Effect of Ligand Concentration on Steady-State
Activation
Ion currents of homotetrameric HCN2 channels were studied in
inside-out macropatches of Xenopus oocytes. These channels
produce slowly activating inward currents when pulses from a
depolarized holding voltage to suprathreshold hyperpolarizing
voltages are applied (Figure 1A). In the presence of cAMP, the
current amplitude is enhanced and the activation time course
is accelerated. Plot of steady-state activation as function of
voltage reveals two effects of the ligand. (1) It shifts steady-state
activation to less negative voltages (Wainger et al., 2001; Wang
et al., 2001; DiFrancesco and Tortora, 1991; DiFrancesco,
1999) in a concentration-dependent manner. (2) It enhances
steady-state activation also in its saturating range at the most
hyperpolarizing voltages (Figure 1B). The consequences are
that voltage alone is only a ‘‘partial agonist’’ and that the gating
by voltage and ligand binding must be intimately coupled.
Semilogarithmic plots for the activating effect of cAMP at
different voltages were fitted with a modified Hill equation
(Equation 2; see Experimental Procedures), yielding the cAMP76 Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc.concentration of half-maximum response, EC50, and the Hill
coefficient, H (Figure 1C). With increasing hyperpolarization the
EC50 values are shifted to lower cAMP concentrations (blue
points) and the curves become progressively steeper, as indi-
cated by the increase ofH from 0.71 to 1.45 (legend to Figure 1C).
A Hill coefficient larger than one at the more hyperpolarizing volt-
ages indicates that the binding of more than one cAMP molecule
mediates the effect on the activation gating by voltage. However,
a Hill coefficient does not allow to draw any conclusions on the
molecular mechanism of activation, e.g., how many subunits
contribute at a given ligand concentration and how the subunits
interact (Colquhoun, 1998; Yifrach, 2004).
Activation Time Course Induced by Concentration
Jumps of the Ligand
Jumps of the cAMP concentration elicited by a fast solution
switch from zero to different concentrations were generated after
the channels have been activated by voltage. The activation time
courses induced by cAMP jumps could be fitted by either one
(0.1 mM cAMP) or the sum of two exponentials (R1 mM cAMP;
Figure 1D). Relevant sigmoidicity was not observed. This strongly
suggests that the four structurally identical binding sites are func-
tionally different due to cooperative effects. This is similar to
related CNGA2 channels activated by cGMP jumps (Nache
et al., 2005). In case of the cAMP concentrations R1mM, tmean
was calculated according to Equation 4 (see Experimental Proce-
dures) to enable comparison with the speed of the monoexponen-
tial activation time course at 0.1 mM cAMP. The activation speed
by cAMP jumps was strongly accelerated to hyperpolarizing volt-
ages and significantly faster at 1 and 10 mM cAMP compared to
0.1 mM cAMP (Figure 1E). These results confirm an intimate
coupling between voltage- and ligand-induced activation and
also suggest that the four available binding sites are not equally
involved in the ligand-induced activation. Because of this
complexity in the activation mechanism and the fact that the
ligand modulates both the efficacy and the potency of voltage-
gated activation (cf. Figure 1B), more detailed insight into the
mechanism of ligand-induced activation is severely limited.
Relation between Voltage-Induced Activation
and Ligand Binding under Steady-State Conditions
Essentially new insight into the interrelationship between ligand
binding and channel activation can be expected from the reverse
approach, i.e., to measure how the ligand binding changes when
the channels are activated by voltage. The main prerequisites
for such experiments are to have available a fully functional
ligand carrying an appropriate label and a method that enables
monitoring of the ligands bound to the channels in parallel to
voltage-induced activation of the channel. The latter was
covered by employing patch-clamp fluorometry (Zheng and
Zagotta, 2000) in combination with confocal microscopy (Biskup
et al., 2007). As labeled ligand a fluorescent cAMP analog
(fcAMP) was synthesized by coupling the dye DY547 via an
aminoethylthio spacer to position 8 of cAMP (Figure 2A). Indeed,
the fluorophor in fcAMP left the capability of the cyclic nucleotide
moiety to activate HCN2 channels intact and caused an only
moderate change in steady-state activation (Figure 2C). The
fcAMP binding was also fully reversible (see Figure S1A and
Figure 1. Activation of HCN2 Channels by Voltage and cAMP
(A) Current traces in the absence and presence of 10 mM cAMP at two voltages.
(B) Steady-state activation and effect of cAMP. The data points obtained at each of the cAMP concentrations from 0 to 100 mM were fitted with Equation 1 yielding
V1/2 = 118.4, 116.0, 105.8, 99.7, 97.1, and 96.7 mV and zd = 5.15, 4.37, 3.71, 5.21, 4.88, and 4.61, respectively.
(C) Concentration-response relationships for the effect of cAMP at five voltages. The data points obtained at the voltages from 90 to 130 mV were fitted with
Equation 2 yielding EC50 = 0.85, 0.17, 0.08, 0.06, and 0.07 mM (blue points) and H = 0.71, 0.88, 0.99, 1.16, and 1.45, respectively. I/Imax,0cAMP and I/Imax,satcAMP
were set to the steady-state current values at zero and saturating cAMP at each voltage.
(D) Current traces activated by pulses to two voltages (triangles) and subsequently by jumps to the indicated cAMP concentrations (arrows), starting from zero.
The holding potential was 30 mV. The activation time courses induced by the cAMP jumps were fitted with either one (t) or the sum of two exponentials (t1,t2). t1
and t2 were used to calculate tmean (Equation 4).
(E) Plot of t and tmean as a function of voltage.
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fcAMP binding to the patch membrane was determined from the
fluorescence intensity in confocal images (F; Figures 3A–3F) by
means of a second dye, DY647 (Figures S2A and S2B), labeling
the bath solution as described previously for CNGA2 channels
(Biskup et al., 2007).
The binding of fcAMP was enhanced at hyperpolarizing
compared to depolarizing voltages (Figure 4A). After normalizing
the fluorescence to that at maximum current activation at
130 mV and saturating fcAMP at 15 mM, steady-state binding,
F/Fmax, and steady-state activation were plotted as function of
voltage for three fcAMP concentrations (Figure 4B). Assuming
that at voltages negative to 130 mV and saturating fcAMP all
binding sites are occupied, the normalized fluorescence directly
indicates the mean portion of occupied binding sites. When
increasing the fcAMP concentration, the fcAMP binding
increased in both shut channels (30 mV) and maximally open
channels (160 mV). At all fcAMP concentrations, the increaseof binding occurred in the steep region of the steady-state
activation relation (gray) and not at the extreme voltages. This
suggests that activation controls the change in binding.
Figure 4B provides a further relevant result: At 0.75 mM fcAMP
and maximum hyperpolarization (160 mV), full channel activa-
tion was observed when statistically only 60% of the binding
sites were occupied. This value is significantly below the value
of 75% (Student’s t test; p < 0.05). Under the assumption that
the saturating concentration of 7.5 mM fcAMP leads to an occu-
pation of all four binding sites, the conclusion is that a significant
portion of channels contributes to the full current that are only
occupied by two ligands. This means that the liganding of only
two subunits suffices to fully activate the channels.
Concentration-Binding Relationship and Free Energy
of Activation-Induced Ligand Binding
The double logarithmic plot of the relative ligand binding as func-
tion of the concentration (concentration-binding relationship)Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc. 77
Figure 2. Structure and Properties of 8-DY547-AET-cAMP (fcAMP)
(A) Structure of fcAMP. The dye DY547 was coupled via an aminoethylthio spacer to position 8 of the cyclic adenosine monophosphate’s adenine moiety.
(B) Fluorescence excitation and emission spectrum.
(C) Comparison of steady-state activation obtained with fcAMP and cAMP. The data points were obtained as described in Figure 1. Each point is the mean of six
to nine experiments. Fit of the data points by Equation 1 yielded V1/2 = 111.0 mV, zd = 5.75 for fcAMP and V1/2 = 104.4 mV, zd = 5.48 for cAMP. (See also
Figure S1.)
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at fcAMP concentrations%0.75 mM channel activation increases
the binding affinity by about 3-fold. Toward higher concentra-
tions, this effect decreases. Moreover, the plot shows that our
system, receptor plus ligands, obeys the principle of reciprocity.
This for all physicochemical processes fundamental principle
tells ‘‘If a process A influences a process B, then the process B
must influence the process A’’ (Onsager, 1931a, 1931b). Trans-
lated to receptor plus ligands it reads ‘‘If ligand binding influ-
ences gating then gating must influence ligand binding’’ (Edsall
and Wyman, 1958; Colquhoun, 1998; see Discussion).
Beside using the Hill equation to characterize relations
between the ligand concentration and the response of a
receptor, this equation has also been used for long to quantify
relations between the ligand concentration and the ligand
binding to a receptor. The most famous example is certainly
the cooperative binding of four molecules oxygen to the tetra-
meric hemoglobin (Adair, 1925). Herein, we used the Hill equa-
tion to quantify the effect of HCN2 channel activation on the
relative fcAMP binding, F/Fmax. All concentration-binding rela-
tionships in Figure 4C were fitted with the Hill equation for
binding (Equation 3), thereby assuming that at infinitely high
ligand concentrations F/Fmax reaches unity also in closed
channels, which is plausible because the relative binding at
30 mV and 7.5 mM fcAMP reaches already 0.9 (cf. Figure 4B).
As expected from the curves in Figure 4C, the ligand concentra-
tion of half-maximum binding, BC50, systematically decreased
to more hyperpolarizing voltages. The Hill coefficient for binding,
Hb, did not depend on voltage. Its value was 1.18 ± 0.02. The
systematic and saturating voltage dependency of theBC50 value
is noticeable because it shows that it is channel activation and
not the voltage per se which is the cause of the changes. This
result fits to the fact that the CNBD is located outside the electric
field (Zagotta et al., 2003). The Hill coefficient slightly larger than
one supports the notion that the activation-induced ligand
binding to one subunit moderately promotes the binding to
another subunit.78 Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc.Using a simple thermodynamic approach (see Supplemental
Analysis; Equations S1–S4), the systematic change of the BC50
as function of voltage was translated into an overall free energy
for ligand binding, DGb (Figure 4E). Activation of the channels by
the maximally hyperpolarizing voltage of 160 mV decreased
DGb by 3.5 kJ/mol. In other words, by this amount of free energy
the binding of the ligands to a channel is tightened.
Time Course of Ligand Binding and Unbinding Evoked
by Voltage-Gated Activation
The slowness of voltage-gated activation in HCN2 channels
allowed us also to monitor the increase of ligand binding in
parallel to the time course of activation by a hyperpolarizing
step, i.e., to monitor the process of affinity increase at constant
ligand concentration. For this analysis, we preferred the concen-
tration of 0.75 mM fcAMP near half-maximum binding (cf. Fig-
ure 4B), because at this concentration current activation was
accompanied by the most robust increase of the fluorescence
signal (Figure 5A). The superimposed normalized time courses
in Figure 5B show that initially, until about one-third of the
maximum amplitude, the fluorescence increase surprisingly
precedes the activation time course (see below), whereas there-
after, and as expected, the fluorescence only follows the activa-
tion time course, resulting in a crossover of both traces. Since
the speed of current activation significantly increases toward
more hyperpolarized voltages, we asked whether the time
course of fluorescence increase after the early phase is corre-
lated with the activation time course over a wide voltage range
by plotting the time of half-maximum extra binding (t1/2,binding)
versus the time of half-maximum activation (t1/2,activation; Fig-
ure 5C). The result is that both signals are positively time
correlated between 105 and 160 mV. This result further
substantiates the idea that it is channel activation that enhances
ligand binding by increasing the affinity of the CNBDs and not an
effect of voltage on the ligand binding.
If channel activation enhances ligand binding, and not the
voltage itself, and ligand binding is not rate limiting (cf. Figure 1E),
Figure 3. Confocal Images of fcAMP
Binding at Steady-State Conditions
The patch at the left side contained HCN2
channels whereas the patch at the right side was
obtained from a control oocyte. The voltage was
130 mV. The bath solution contained 0.75 mM
fcAMP and 1 mM DY647.
(A) Overlay of the green (fcAMP) channel and the
transmission channel.
(B) Overlay of the red (DY647) channel and the
transmission channel.
(C) Overlay of the green, the red, and the transmis-
sion channel.
(D) Illustration of the scaling procedure for the
one-dimensional case. Intensities of fcAMP and
scaled DY647 fluorescence along the white lines
in panel C are shown. Offset and scaling of the
DY647 fluorescence were normalized with respect
to the fcAMP intensity in the bath solution and the
interior of the pipette (near zero).
(E) Difference image between fcAMP fluorescence
and the normalized DY647 fluorescence.
(F) Difference image at a magnified scale with
the red mask specifying the patch membrane.
(See also Figure S2.)
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generates ligand unbinding with a closely related time course.
To this aim HCN2 channels were fully activated by steps to
130 mV and then deactivated by steps to different depolarizing
voltages in the presence of 0.75 mM fcAMP (Figure 6A). As known
for HCN2 channels, deactivation became significantly acceler-
ated toward stronger depolarizations. In parallel, also unbinding
of the fcAMP became accelerated (Figure 6B). The speed of
unbinding correlated well with the speed of deactivation (Fig-
ure 6C), which was confirmed by the plot of the time of
half-maximum unbinding (t1/2,unbinding) versus the time of half-
maximum deactivation of the current (t1/2,deactivation; Figure 6D).
The results of Figures 5 and 6 further substantiate the result
that the binding affinity of the channels for fcAMP is controlled
by the activation gating.
Early Activation-Induced Ligand Binding Precedes
the Current
As already pointed out above, the early activation-induced
ligand binding does not follow the current in its typical sigmoidal
shape but precedes it. To elaborate this more conspicuously,
we fitted both types of time courses by the necessary sum ofNeuron 67, 7exponentials (Figure 7). The analysis
was performed at the fcAMP concentra-
tions of 0.075 and 0.75 mM at 130 mV
because at these concentrations and at
this relatively moderate hyperpolarizing
voltage the fluorescence signals were
resolved best in amplitude and time. At
both fcAMP concentrations, the activa-
tion-induced ligand binding could be
fitted by a single exponential (Figure 7A).
The consistency of the fit becomesobvious by the flat time course of the residuals (top traces). In
case of the sigmoid current time courses, a flat time course of
the residuals was obtained only when the sum of two exponen-
tials was fitted (Figure 7B), one to describe the current rise
(dark blue curve) and another to describe the initial delay
(light blue curve). Figure 7C shows for comparison the larger
amplitude of the residuals in case of a monoexponential fit of
the current. The basic difference between the early time courses
of activation-induced ligand binding and current was further
substantiated by considering average time courses of both
entities (Figure 7D; for details see Supplemental Analysis).
After normalizing these time courses with respect to the
steady-state values of the exponential fits, the relative amplitude
of ligand binding between 200 and 400 ms was significantly
larger than that of the current time course. As above, the conse-
quence is that during the early activation process induced by
a hyperpolarizing voltage step the ligand binding precedes the
current.
These results lead to the interpretation that at submaximal
ligand concentrations a hyperpolarizing voltage step increases
first the binding affinity of an unoccupied subunit of a so far
nonactivated channel whose pore is still closed at this time.5–85, July 15, 2010 ª2010 Elsevier Inc. 79
Figure 4. Activation-Induced fcAMP Binding under Steady-
State Conditions
(A) Overlay of confocal difference images showing the fraction of
bound fcAMP (green channel), the confocal image of the dye DY647
labeling the bath solution (red channel), and the transmission image
at two fcAMP concentrations.
(B) Superimposition of steady-state activation and fcAMP binding as
function of voltage. Plotted is the relative fcAMP binding, F/Fmax
(see Supplemental Experimental Procedures). Steady-state activation
was fitted by Equation 1 (red curves) yielding the indicated parame-
ters. The gray range marks the 10% to 90% change of activation.
(C) Double logarithmic plot of the concentration-dependent binding of
fcAMP at six voltages. The data points were fitted by Equation 3,
yielding the Hill coefficient for binding, Hb, and the concentration of
half-maximum binding, BC50.
(D) Plot of BC50 as function of voltage (error bars indicate standard
error provided by the fit program).
(E) Overall free energy of binding, DGb, plotted as function of voltage.
DGb was obtained by Equation S4 using theBC50 data in panel (D) and
the voltage-independent Hill-coefficient, Hb, of 1.18 ± 0.02.
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Binding and Activation in Pacemaker ChannelsConclusively, the voltage sensor and the CNBD interact directly
without opening of the pore (see Discussion).
DISCUSSION
The main results of our study are the following. (1) Ligand
binding and activation gating in HCN2 channels interdepend
on each other. (2) At subsaturating ligand concentrations,
hyperpolarization-induced activation of the channels generates
an increase and depolarization-induced deactivation a de-
crease of the binding affinity after a short time delay. (3) For
the processes of early activation the time relationship is oppo-
site, the binding affinity increase precedes channel activation.
(4) Ligand binding to only two of the possible four subunits
leads already to the maximum gating effect. (5) The overall80 Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc.free energy of activation-induced ligand binding
amounts to 3.5 kJ/mol.
Implications for the Activation Mechanism
of HCN2 Channels
The combination of the results that liganding of merely
two subunits exerts the full gating effect (Figure 4B) and
that ligand binding increases prior to channel opening
by a hyperpolarizing voltage step (Figure 7) can only be
explained by unliganded subunits that are first gated by
voltage and that this gating enhances the binding affinity
either at its own CNBD or one of the other CNBDs.
However, this change of the binding affinity at the first
CNBD does not open the pore. Hence, a voltage sensor
domain and at least one CNBD, either of the same or a
neighbored subunit, must be functionally coupled without
opening the pore. Within a subunit, this coupling might be
mediated along the S4-S5 and the C-linker (Decher et al.,
2004; Prole and Yellen, 2006). A direct coupling between
the voltage sensor and the RCK1 binding sites for Ca2+
ions has been hypothesized also for Ca2+-activated K+
channels (Sweet and Cox, 2008).Including this direct interaction between the voltage sensor
and the CNBD, we propose the following scenario for the dual
activation of HCN2 channels by voltage and ligand binding:
Ligand binding to the CNBD moderately promotes inward move-
ment of the voltage sensor. At depolarized voltages (30 mV), the
channel remains closed because the minor inward movement of
the voltage sensor by the ligand binding to the CNBD is too weak
to open the pore. Sufficiently strong hyperpolarization causes
substantial inward movement of the positively charged voltage
sensor, thereby submaximally opening the pore, but also
increasing the binding affinity at the CNBD, most likely via a direct
interaction. In the absence of a ligand, the CNBD is supposed to
limit the extent of the voltage sensor movement. When a ligand is
bound to the CNBD, the extent of movement is increased. It
becomes maximal at saturating ligand concentrations.
Figure 5. The Time Courses of Activation and Activation-Evoked
Ligand Binding Are Correlated
The fcAMP concentration in the bath was 0.75 mM.
(A) Increase of fcAMP binding (green trace) during channel activation (black
trace). The insets show an overlay of the confocal difference images (green),
the confocal image of the stained bath solution (red channel), and the transmis-
sion image to demonstrate the activation-induced binding of fcAMP.
(B) Superimposition of the fluorescence signals (green) with currents (black)
activated by voltage steps from 30 to 130 mV or 160 mV. The fluores-
cence signals were inverted and normalized with respect to the current traces.
(C) Plot of the time of half-maximum extra binding (t1/2,binding) versus time
of half-maximum activation (t1/2,activation) at four voltages. The dotted line
indicates the slope of 1.
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sensor at strong hyperpolarizing voltages (130 mV) concomi-
tantly increases the binding affinity in the CNBD, and ligand
binding to the CNBD also allows the voltage sensor to move
more inward. In this sense, activation of the voltage sensor by
voltage and that of the CNBD by ligand binding are intimately
coupled. However, the channel remains closed as long as only
one subunit is activated by voltage. Only concomitant activation
of a second subunit leads to channel opening in a cooperative
fashion (Bruening-Wright et al., 2007). The assumption that the
CNBD limits the movement of the voltage sensor can also
explain why maximally hyperpolarizing voltages generate
maximal activation only in the presence of high ligand concentra-
tions (cf. Figure 1B).
Our result that at saturating negative voltages only two ligands
suffice to elicit full ligand-induced activation resembles that
obtained for related CNGA2 channels (Biskup et al., 2007) and
is also analog to the mechanism proposed for the activation by
voltage in related spHCN channels (Bruening-Wright et al.,
2007). Despite these recent insights into the activation process
of HCN channels, a comprehensive kinetic model describing
the dual activation by voltage and ligand binding is presently
unrealistic, because all this appears in the four subunits and
these subunits cooperate.
The determined Hill coefficient for binding, Hb, was 1.18,
independent of the activation state. The fact that it significantly
exceeded unity indicates that there is indeed moderate posi-
tive cooperativity between the CNBDs. In contrast, the Hill
coefficient for activation, H, as determined with cAMP, de-
pended significantly on voltage (0.71 at 90 mV to 1.45 at
130 mV; Figure 1C). Hence, voltage exerts the predominant
effect on the subunit interaction. The cooperativity between
the binding domains (Hb = 1.18) in the functioning channel is
partly lost at 90 mV (H < Hb) and enhanced at 130 mV
(H > Hb). These results suggest that there is both cooperativity
by binding (between the binding domains) and cooperativity by
gating.
Possible Physiological Implications
We show here that activation and deactivation of HCN2 channels
by voltage directly control the time course of binding and
unbinding, respectively, of a portion of ligands (Figures 5C and
6D). In particular the fact that the time courses of deactivation
and unbinding depend steeply on voltage in a similar manner
(Figure 6C) directly shows that the unbinding process itself is
rapid compared to the deactivation process, at least at the
intermediate fcAMP concentration of 0.75 mM. Assuming that
this is similar with unlabeled cAMP, the consequence would be
that in spontaneously active neurons and sinus node cells
cAMP binds and unbinds in a cyclic fashion following the voltage
changes during the action potential. In the hyperpolarizing phase
of the action potential cAMP would progressively bind to the
HCN channels, thereby increasing their conductance. This first
slows hyperpolarization and later promotes pacemaker depolar-
ization, during which the cAMP again unbinds. This cyclic
binding/unbinding of cAMP should therefore contribute to an
enhancement of the action potential frequency in these
spontaneously active cells.Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc. 81
Figure 6. The Time Courses of Deactivation
and Deactivation-Evoked Ligand Unbinding
Are Correlated
The fcAMP concentration in the bath was 0.75 mM.
(A) Currents were activated by voltage pulses to
130 mV (pulse duration 8 s) and then deactivated
by pulsing to the indicated voltages. The interval
between the pulses was 18 to 27 s.
(B) Time courses of fcAMP unbinding correspond-
ing to the currents in (A).
(C) Superimposition of the normalized time
courses of (A) and (B).
(D) Plot of time of half-maximum unbinding
(t1/2,unbinding) versus time of half-maximum deacti-
vation (t1/2,deactivation) at four voltages. The dotted
line indicates the slope of 1.
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in a Receptor
The fact that affinity and efficacy of a receptor must interdepend
on each other has been considered already in the fifties
(Stephenson, 1956; Wyman and Allen, 1951; Del Castillo and
Katz, 1957). This fact is most relevant for understanding the
function of receptor molecules because it implies that the term
‘‘affinity’’ is not constant for a receptor but is valid only for the first
binding of the ligand to the inactivated empty receptor. The term
‘‘efficacy’’ is associated with everything else following the
binding, including all conformational changes associated with
an increase of the affinity at the binding site (Colquhoun, 1998,
2006). For the simple case if one ligand interacts with one
receptor, the Del Castillo and Katz mechanism (Del Castillo
and Katz, 1957) provided a first useful description. Already for
this simple model the efficacy can dramatically influence the
affinity, and a separation of both processes is far away from
being simple (Colquhoun, 1998). For the case of multiple inter-
acting subunits, any analysis is much more complicated.
For ion channels, the question, what happens between ligand
binding and channel opening has been successfully addressed
by two strategies based on single-channel recordings, the fitting
approach (Rothberg and Magleby, 1999; Burzomato et al., 2004;
Lape et al., 2008) and an approach that is based on rate-equilib-
rium free energy relationships (Grosman et al., 2000; Zhou et al.,
2005). However, as insightful as these approaches are, they do
not measure ligand binding but only refer to the ligand binding
from the channel kinetics on the basis of assumed kinetic
models.
An alternative strategy to learn what happens between ligand
binding and channel opening is to label the ligand and measure82 Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc.the ligand binding in parallel to channel
activation. Chang and Weiss (1999)
studied activation of nondesensitizing
GABAC receptors and the binding of
tritium-labeled GABA to these receptors
in the same oocytes. In this way, the
authors related ligand binding to activa-
tion gating and showed that after removal
of GABA a slow component of ligand
dissociation correlates with the deactiva-tion time course. However, this technique is limited because
ligand binding and gating cannot be measured simultaneously
and the time resolution is low.
Recently, we synthesized a fluorescent cGMP derivative that
activates CNGA2 channels very similar to cGMP. This labeled
cGMP actually allowed us to read out the degree of ligand binding
in parallel to channel activation and thus to correlate both param-
eters (Biskup et al., 2007). These steady-state measurements
provided relevant new insights, e.g., that only two of the possible
four subunits have to be liganded to evoke full channel activation,
quite similar to the results obtained for HCN2 channels herein.
However, the results in CNGA2 channels do not demonstrate
directly a mutual dependence between affinity and activation,
but describe only a relationship between them. An interdepen-
dence can be directly demonstrated only if both ligand binding
and activation gating can be controlled separately and the
respective other parameter can be measured at the same time,
as we did herein with HCN2 channels. Prerequisites were that
HCN2 channels can be controlled by voltage and ligand binding,
that they do not desensitize, and that the fluorescent ligand is
effective. If these prerequisites are met for any other ion channels,
these channels should also be accessible to such an analysis.
In a more general context, our results on HCN2 channels
exemplify that for any membrane receptor, whose effector
domain is located in the membrane electric field and is voltage
sensitive, the membrane voltage controls the affinity in the ligand
binding domain even if it is not located in the electric field.
This has been suggested, for example, for the metabotropic G
protein-coupled muscarinic receptor binding acetylcholine
(Ben-Chaim et al., 2003, 2006). If efficient fluorescent derivatives
of the ligands can be developed and the current signals of such
Figure 7. Early Activation-Induced Ligand Binding Significantly Precedes Current Activation
All recordings were performed by stepping from a holding potential of 30 to 130 mV.
(A) Representative time course of activation-induced ligand binding at 0.075 and 0.75 mM fcAMP. The time courses of fluorescence increase were fitted with
the sum of a single exponential and a constant according to F/Fmax = A [1 – exp(–t/t)] + B. A and B are the amplitude of the voltage-dependent and voltage-
independent component, respectively, and t is a time constant. The values are indicated in the diagram. Above the traces the time course of the residuals is plotted.
(B) Corresponding current time courses to the traces in (A) which were recorded at the same time. The time courses were fitted with the sum of an exponential
describing the current rise, an exponential describing the initial delay, and a constant, according to I/Imax = A1 [1 – exp(–t/t1)] + A2 exp(–t/t2) + B. An and tn are the
amplitudes and time constants of the respective components. The blue curves show the time courses of the individual exponentials. Above the currents the time
courses of the residuals are shown.
(C) Fit of the current time courses in (B) with a single exponential yielded much larger residuals.
(D) Superimposition of the normalized time-dependent component of averaged time courses recorded at 0.75 mM fcAMP (for procedure, see Supplemental
Analysis). Bars indicate SEM. The respective mean time courses were formed from seven fluorescence time courses and 12 current time courses. Initially,
the relative ligand binding exceeds the relative current activation. To show this statistically, the data points at the times of 200, 300, and 400 ms were assumed
to be distributed in a Gaussian fashion and the low p values of 0.0025, 0.00015, and 0.0018, respectively, were calculated. Hence, initially ligand binding
precedes current activation.
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to be attractive to extend our experimental strategy also to other
receptors than ligand-gated ion channels.
EXPERIMENTAL PROCEDURES
Electrophysiology and Analysis of Currents
Macroscopic currents were recorded with the patch-clamp technique from
inside-out patches of Xenopus laevis oocytes as described previously (Nacheet al., 2005). Steady-state activation was determined from the amplitude of
the instantaneous tail currents at 100 mV or 30 mV. All tail current ampli-
tudes were related to the maximum tail current amplitude, Imax, as obtained
after a pulse to 130 mV and at 7.5 mM cAMP, yielding the relative current
I/Imax. I/Imax was determined at different cAMP concentrations and plotted
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Binding and Activation in Pacemaker Channelswhere zd is the equivalent gating charge, V1/2 is the voltage of half-maximum
activation, and I/Imax,satV is the relative current at the saturating voltage of
130 mV and the actual cAMP concentration. F, R, and T have their usual
meaning.
Concentration-response relationships were obtained from the same data by
plotting the normalized current amplitude I/Imax as function of the cAMP
concentration, x, with the voltage as parameter. At each voltage the data
points were fitted with the modified Hill equation








reflecting that cAMP enhances I/Imax only between a lower (I/Imax,0cAMP) and
a higher value (I/Imax,satcAMP). EC50 is the ligand concentration of half-maximum
effect and H the Hill coefficient for activation.
Concentration-binding relationships for the binding of fcAMP to the
channels were built by normalizing the fluorescence intensity in a patch, F,
with respect to the maximum fluorescence at 130 mV and 15 mM fcAMP,
Fmax, and plotting the relative binding, F/Fmax, against the fcAMP concentra-
tion, x, on double logarithmic coordinates. At each voltage the data points






where BC50 is the ligand concentration of half-maximum binding and Hb the
Hill coefficient for ligand binding.
Jumps of the cAMP concentration were performed by a double-barreled
glass pipette mounted on a piezo-driven device. The time course of current
activation by cAMP jumps was quantified by the activation time constant, t,
obtained by a fit with an exponential. In case that the activation time course
required two exponentials for adequate description, a mean activation time
constant tmean was calculated by
tmean = ðA1t1 +A2t2Þ=ðA1 +A2Þ (4)
where t1,t2, A1, and A2 are the time constants and components of the two
exponentials, respectively.
Fluorescence recordings of the fcAMP bound to the HCN2 channels were
obtained with a confocal microscope (LSM 510, Zeiss, Jena, Germany) and
analyzed with our own software as described previously (Biskup et al.,
2007). Fits of equations to data points were performed with the Origin8
software (Northampton, MA). If not otherwise noted, the error bars indicate
SEM.
Confocal Patch-Clamp Fluorometry
In patches containing HCN2 channels, the fluorescence of bound fcAMP was
much brighter than in patches from native oocytes (Figure 3A). To identify the
fluorescence of the bound fcAMP from the fluorescence generated by the free
fcAMP in the bath solution, a second dye, DY647 (Biskup et al., 2007), was
added to label the bath solution (Figure 3B). Overlay of the red DY647 channel
with the green fcAMP channel yields orange color in regions with equal
distribution of fcAMP and DY647 and green color in regions with a more inten-
sive fcAMP fluorescence due to the binding of fcAMP (Figure 3C). To measure
bound fcAMP, the fluorescence of the red and the green channel were
corrected for small offsets and the fluorescence in the red channel was scaled
to the fluorescence of the green channel in the bath. Figure 3D explains this
procedure for the one-dimensional case along the profiles (white lines in
Figure 3C). The resulting difference between the measured green and the
scaled red profile is generated by the specific binding of fcAMP to the chan-
nels. This difference was calculated for each pixel of the two-dimensional
image. The resulting difference images (Figure 3E) show only the fraction of
the fluorescence signal (DF) that originated from bound fcAMP. Intensive
fluorescence was generated by patches containing HCN2 channels, whereas
DF was near zero in the bath solution and, as a control, also in the patches
containing no channels. The free patch membrane (patch dome) was identified
by an automated procedure, detecting pixels with the steepest fluorescence
gradient in the red channel (red mask in Figure 3F). DF was averaged over
all pixels inside this mask and finally normalized with respect to the values
at the saturating concentration of 15 mM at the voltage of 130 mV after
activation had reached a steady state.84 Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc.SUPPLEMENTAL INFORMATION
Supplemental Information includes Experimental Procedures and two figures
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ACKNOWLEDGMENTS
We are indebted to U.B. Kaupp for providing the cDNA and to F. Lehmann and
P. Czerney (Dyomics GmbH, Jena, Germany) for providing the dyes. We also
thank K. Schoknecht, S. Bernhardt, A. Kolchmeier, and B. Tietsch for excellent
technical assistance. This work was supported by grants of the Deutsche
Forschungsgemeinschaft to K.B. F.S. acknowledges support of BIA, Bremen.
F.S. is Head of R&D of BIOLOG LSI.
Accepted: May 25, 2010
Published: July 14, 2010
REFERENCES
Adair, G.S. (1925). The hemoglobin system. IV. The oxygen dissociation curve
of hemoglobin. J. Biol. Chem. 63, 529–545.
Altomare, C., Bucchi, A., Camatini, E., Baruscotti, M., Viscomi, C., Moroni, A.,
and DiFrancesco, D. (2001). Integrated allosteric model of voltage gating in
HCN channels. J. Gen. Physiol. 117, 519–532.
Banks, M.I., Pearce, R.A., and Smith, P.H. (1993). Hyperpolarization-activated
cation current (Ih) in neurons of the medical nucleus of the trapezoid body:
voltage-clamp analysis and enhancement by norepinephrine and cAMP
suggest a modulatory mechanism in the auditory brain system. J. Neurophy-
siol. 70, 1420–1432.
Ben-Chaim, Y., Tour, O., Dascal, N., Parnas, I., and Parnas, H. (2003). The M2
muscarinic G-protein-coupled receptor is voltage-sensitive. J. Biol. Chem.
278, 22482–22491.
Ben-Chaim, Y., Chanda, B., Dascal, N., Bezanilla, F., Parnas, I., and Parnas, H.
(2006). Movement of ‘‘gating charge’’ is coupled to ligand binding in a
G-protein-coupled receptor. Nature 444, 106–109.
Biskup, C., Kusch, J., Schulz, E., Nache, V., Schwede, F., Lehmann, F., Hagen,
V., and Benndorf, K. (2007). Relating ligand binding to activation gating in
CNGA2 channels. Nature 446, 440–443.
Brown, H.F., DiFrancesco, D., and Noble, S.J. (1979). How does adrenaline
accelerate the heart? Nature 280, 235–236.
Bruening-Wright, A., Elinder, F., and Larsson, H.P. (2007). Kinetic relationship
between the voltage sensor and the activation gate in spHCN channels.
J. Gen. Physiol. 130, 71–81.
Burzomato, V., Beato, M., Groot-Kormelink, P.J., Colquhoun, D., and Sivilotti,
L.G. (2004). Single-channel behavior of heteromeric alpha1beta glycine
receptors: an attempt to detect a conformational change before the channel
opens. J. Neurosci. 24, 10924–10940.
Chan, C.S., Shigemoto, R., Mercer, J.N., and Surmeier, D.J. (2004). HCN2 and
HCN1 channels govern the regularity auf autonomous pacemaking and
synaptic resetting in globus pallidus neurons. J. Neurosci. 24, 9921–9932.
Chang, Y., and Weiss, D.S. (1999). Channel opening locks agonist onto the
GABAC receptor. Nat. Neurosci. 2, 219–225.
Chen, S., Wang, J., Zhou, L., George, M.S., and Siegelbaum, S.A. (2007).
Voltage sensor movement and cAMP binding allosterically regulate an
inherently voltage-independent closed-open transition in HCN channels. J.
Gen. Physiol. 129, 175–188.
Colquhoun, D. (1998). Binding, gating, affinity and efficacy: the interpretation
of structure-activity relationships for agonists and of the effects of mutating
receptors. Br. J. Pharmacol. 125, 924–947.
Colquhoun, D. (2006). Agonist-activated ion channels. Br. J. Pharmacol. 147,
S17–S26.
Craven, K.B., and Zagotta, W.N. (2004). Salt bridges and gating in the
COOH-terminal region of HCN2 and CNGA1 channels. J. Gen. Physiol. 124,
663–677.
Neuron
Binding and Activation in Pacemaker ChannelsCraven, K.B., and Zagotta, W.N. (2006). CNG and HCN channels: two peas,
one pod. Annu. Rev. Physiol. 68, 375–401.
Cuttle, M.F., Rusznak, Z., Wong, A.Y., Owens, S., and Forsythe, I.D. (2001).
Modulation of a presynaptic hyperpolarization-activated cationic current
(I(h)) at an excitory synaptic terminal in the rat auditory brain stem. J. Physiol.
534, 733–744.
Decher, N., Chen, J., and Sanguinetti, M.C. (2004). Voltage-dependent gating
of hyperpolarization-activated, cyclic nucleotide-gated pacemaker channels:
molecular coupling between the S4-S5 and C-linkers. J. Biol. Chem. 279,
13859–13865.
Del Castillo, J., and Katz, B. (1957). Interaction at end-plate receptors between
different choline derivatives. Proc. R. Soc. Lond. B Biol. Sci. 146, 369–381.
DiFrancesco, D. (1999). Dual allosteric modulation of pacemaker (f) channels
by cAMP and voltage in rabbit SA node. J. Physiol. 515, 367–376.
DiFrancesco, D., and Tortora, P. (1991). Direct activation of cardiac pace-
maker channels by intracellular cyclic AMP. Nature 351, 145–147.
Edsall, J.T., and Wyman, J. (1958). Biophysical Chemistry (New York:
Academic Press).
Elinder, F., Ma¨nnikko¨, R., Pandey, S., and Larsson, H.P. (2006). Mode shifts
in the voltage gating of the mouse and human HCN2 and HCN4 channels.
J. Physiol. 575, 417–431.
Gauss, R., Seifert, R., and Kaupp, U.B. (1998). Molecular identification of
a hyperpolarization-activated channel in sea urchin sperm. Nature 393,
583–587.
Grosman, C., Zhou, M., and Auerbach, A. (2000). Mapping the conformational
wave of acetylcholine receptor channel gating. Nature 403, 773–776.
Ingram, S.L., and Williams, J.T. (1996). Modulation of the hyperpolarization-
activated current (Ih) by cyclic nucleotides in guinea-pig primary afferent
neurons. J. Physiol. 492, 97–106.
Kaupp, U.B., and Seifert, R. (2001). Molecular diversity of pacemaker ion
channels. Annu. Rev. Physiol. 63, 235–257.
Lape, R., Colquhoun, D., and Sivilotti, L.G. (2008). On the nature of partial
agonism in the nicotinic receptor superfamily. Nature 454, 722–727.
Ludwig, A., Zong, X., Jeglitsch, M., Hofmann, F., and Biel, M. (1998). A family
of hyperpolarization-activated mammalian cation channels. Nature 393,
587–591.
Ludwig, A., Zong, X., Stieber, J., Hullin, R., Hofmann, F., and Biel, M. (1999).
Two pacemaker channels from human heart with profoundly different
activation kinetics. EMBO J. 18, 2323–2329.
Ma¨nnikko¨, R., Pandey, S., Larsson, H.P., and Elinder, F. (2005). Hysteresis in
the voltage dependence of HCN channels: conversion between two modes
affects pacemaker properties. J. Gen. Physiol. 125, 305–326.
Nache, V., Schulz, E., Zimmer, T., Kusch, J., Biskup, C., Koopmann, R.,
Hagen, V., and Benndorf, K. (2005). Activation of olfactory-type cyclic
nucleotide-gated channels is highly cooperative. J. Physiol. 569, 91–102.
Onsager, L. (1931a). Reciprocal relations in irreversible processes. I. Phys.
Rev. 37, 405–426.
Onsager, L. (1931b). Reciprocal relations in irreversible processes. I. Phys.
Rev. 38, 2265–2279.
Prole, D.L., and Yellen, G. (2006). Reversal of HCN channel voltage
dependence via bridging of the S4-S5 linker and Post-S6. J. Gen. Physiol.
128, 272–282.Robinson, R.B., and Siegelbaum, S.A. (2003). Hyperpolarization-activated
cation currents: from molecules to physiological function. Annu. Rev. Physiol.
65, 453–480.
Rothberg, B.S., and Magleby, K.L. (1999). Gating kinetics of single large-
conductance Ca2+-activated K+ channels in high Ca2+ suggest a two-tiered
allosteric gating mechanism. J. Gen. Physiol. 114, 93–124.
Saitow, F., and Konishi, S. (2000). Excitability increase induced by beta-
adrenergic receptor-mediated activation of hyperpolarization-activated cation
channels in rat cerebellar basket cells. J. Neurophysiol. 84, 2026–2034.
Santoro, B., and Tibbs, G.R. (1999). The HCN gene family: molecular basis of
the hyperpolarization-activated pacemaker channels. Ann. N Y Acad. Sci. 868,
741–764.
Santoro, B., Liu, D.T., Yao, H., Bartsch, D., Kandel, E.R., Siegelbaum, S.A., and
Tibbs, G.R. (1998). Identification of a gene encoding a hyperpolarization-
activated pacemaker channel of brain. Cell 93, 717–729.
Santoro, B., Chen, S., Luthi, A., Pavlidis, P., Shumyatsky, G.P., Tibbs, G.R.,
and Siegelbaum, S.A. (2000). Molecular and functional heterogeneity of
hyperpolarization-activated pacemaker channels in the mouse CNS. J. Neuro-
sci. 20, 5264–5275.
Shin, K.S., Maertens, C., Proenza, C., Rothberg, B.S., and Yellen, G. (2004).
Inactivation in HCN channels results from reclosure of the activation gate:
desensitization to voltage. Neuron 41, 737–744.
Stephenson, R.P. (1956). A modification of receptor theory. Br. J. Pharmacol.
Chemother. 11, 379–393.
Sweet, T.B., and Cox, D.H. (2008). Measurements of the BKCa channel’s
high-affinity Ca2+ binding constants: effects of membrane voltage. J. Gen.
Physiol. 132, 491–505.
Ulens, C., and Siegelbaum, S.A. (2003). Regulation of hyperpolarization-
activated HCN channels by cAMP through a gating switch in binding domain
symmetry. Neuron 40, 959–970.
Wainger, B.J., DeGennaro, M., Santoro, B., Siegelbaum, S.A., and Tibbs, G.R.
(2001). Molecular mechanism of cAMP modulation of HCN pacemaker
channels. Nature 411, 805–810.
Wang, J., Chen, S., and Siegelbaum, S.A. (2001). Regulation of hyperpolariza-
tion-activated HCN channel gating and cAMP modulation due to interactions
of COOH terminus and core transmembrane regions. J. Gen. Physiol. 118,
237–250.
Wang, J., Chen, S., Nolan, M.F., and Siegelbaum, S.A. (2002). Activity-
dependent regulation of HCN pacemaker channels by cyclic AMP: signaling
through dynamic allosteric coupling. Neuron 36, 451–461.
Wyman, J., and Allen, D.W. (1951). The problem of the heme interactions in
haemoglobin and the basis of the Bohr effect. J. Polym. Sci. VII, 499–518.
Yifrach, O. (2004). Hill coefficient for estimating the magnitude of cooperativity
on gating transitions of voltage-dependent ion channels. Biophys. J. 87,
822–830.
Zagotta, W.N., Olivier, N.B., Black, K.D., Young, E.C., Olson, R., and Gouaux,
E. (2003). Structural basis for modulation and agonist specificity of HCN
pacemaker channels. Nature 425, 200–205.
Zheng, J., and Zagotta, W.N. (2000). Gating rearrangements in cyclic
nucleotide-gated channels revealed by patch-clamp fluorometry. Neuron 28,
369–374.
Zhou, Y., Pearson, J.E., and Auerbach, A. (2005). Phi-value analysis of a linear,
sequential reaction mechanism: theory and application to ion channel gating.
Biophys. J. 89, 3680–3685.Neuron 67, 75–85, July 15, 2010 ª2010 Elsevier Inc. 85
